interference pathway. Now, Afonin et al. show in their recent publication that single-stranded (ss) RNA, rather than ssDNA, is preferential for use as the toehold within cognate hybrid duplexes, providing several benefits compared to previous cognate hybrid designs. From the perspective of thermodynamics, the use of RNA toeholds is advantageous as it greatly reduces the length of the singlestranded ends required to unzip the hybrids and generate the functional RNA element. From a design perspective, because RNA is used as the toehold strand, the toehold sequence can inherently be part of the functional Dicer substrate RNA, or other potential RNA moiety, reducing the size and minimizing the design constraints of the resulting hybrid duplexes. Conditional hybrids that contain ssRNA toeholds also prove advantageous for incorporation into more complex RNA nanoparticles. The authors demonstrate that RNA nanorings functionalized with RNA-toeholded hybrids exhibit increased yields from enzymatic co-transcriptional synthesis, as well as reduced overall nanoparticle size, compared to nanorings functionalized with DNA-toeholded hybrid duplexes.
In the second publication from Shapiro and colleagues, Bindewald et al. present a novel two-stranded RNA switch that releases a small hairpin RNA (shRNA) upon recognition of a specific cellular mRNA (Figure 1 , right). The RNA switch initially exists in an inactive state, with the shRNA strand sequestered in an inactive fold through formation of an inter-strand pseudoknot structure. Interaction of the switch's ssRNA toehold with a complementary "trigger" RNA unzips the switch and leads to a conformational rearrangement. This conformational change produces a functional shRNA structure able to act as a Dicer substrate and activate the RNAi pathway for knockdown of target gene expression. As a proof of concept, the authors show that the RNA switch is able to silence eGPF expression in response to the presence of connective tissue growth factor (CTGF) mRNA in human breast cancer cells. Notably, any combination of mRNA triggers and silencing targets can theoretically be accommodated by this switch design, as there is no overlap between the sequence region that encodes the RNA interference (RNAi) is a powerful approach for the knockdown of target gene expression. Not long after its initial discovery, RNAi garnered interest as a potential therapeutic tool to combat cancer and disease. For RNAi based therapy to be effective, it is desirable that the RNAi response be induced only in a specified cellular context where the resulting gene silencing would be advantageous. To fulfill this criterion, RNAi substrates can be linked to a diagnostic component, enabling them to distinguish diseased cells from normal tissue. Aptamers that specifically bind a particular cell-surface protein have frequently been linked to siRNAs and larger RNA nanoparticles to restrict RNAi substrate uptake to particular target cells [1] [2] [3] . More recently, researchers have been exploring the use of single-stranded toeholds and branch migration to induce formation of RNAi-activating RNA duplexes in a conditional fashion upon recognition of specified nucleic acid triggers [4] [5] [6] . Two new articles published by Bruce Shapiro and colleagues in Nano Letters explore the extent to which RNA toehold interactions can be used to prompt conditional RNAi-mediated gene silencing [7, 8] .
Previous work demonstrated that splitting a functional RNA duplex into two initially inert RNA/DNA hybrid duplexes allows for conditional formation of an RNA duplex when both hybrids are present (Figure 1,  left) . The newly formed RNA duplex is functional as it acts as a substrate for Dicer and initiates the RNA
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Open Access functional shRNA stem and the region that interacts with the RNA trigger. The prediction of base pairings within nucleic acid nanostructures is a computational task that has a variety of challenges. Central to the design of the conditional hybrid duplexes and the two-stranded RNA switch is HyperFold, a newly developed secondary structure prediction algorithm described in detail in the article from Bindewald et al. Because the self-assembly of RNA complexes is an interplay of several RNA strands, the computational approach involves predicting the folding properties of all possible combinations of strand complexes. Also, the general problem of finding the lowest free energy base pairing is difficult for computational algorithms. If one cannot formulate any constraints that the base pairing of the minimum free energy structure must adhere to, then a computer algorithm cannot do much better then to search through essentially all possible combinations. Because the number of possible base pair combinations grows exponentially with sequence length, searching through all possible base pair combinations quickly becomes prohibitive for nucleic acid structures possessing long strands and pseudoknotted structures. HyperFold solves this problem using a tunable heuristic that depends on a single parameter. At one parameter setting the search is essentially a complete enumeration of all possible combinations of helices that have a certain minimum length. For a different parameter choice, the algorithm uses the faster method of simply placing the next moststable helix. By default the search utilizes a "middleground" between those two extremes. The resulting search strategy is a tunable approach for predicting the interactions between multiple RNA and DNA strands with possibly complex "knotted" structures.
These recent advancements in RNA nano-design and conditional RNAi activation represent noteworthy steps forward in RNA nanotechnology towards potential therapeutic applications. However, many significant hurdles still remain. While each of the approaches above present intrinsic benefits in their design and are able to activate the RNAi pathway in a controllable fashion, both approaches exhibit inherent flaws unique to each design. Split-function nucleic acid hybrids show prolonged persistence in the blood in vivo [4] , but require interaction between two exogenous cognate hybrids for RNAi activation after cellular entry. This allows RNAi activation to be temporally controlled by the administration of the second hybrid, however, this mode of activation does not allow for gene silencing in response to a cellular RNA marker. While the two-stranded RNA switch is activated through interaction with an endogenously expressed transcript, the authors note that nuclease susceptibility may be problematic and likely to result in non-triggered RNAi activation. Interestingly for these two platforms, the weakness of one approach is a significant strength of the other. Although initially conceived and presented as distinct entities, the underlying design principles of these constructs, as well as other areas of RNA nanotechnology, do not need to remain mutually exclusive.
Previous research efforts have seen the incorporation of multiple RNA functional modules within RNA nanoparticles, resulting in the generation of singular entities that harbor multiple distinct functionalities [9, 10] . This same approach could also be applied to the modular functional elements themselves. Through combining the advantageous design characteristics exhibited by multiple individual nano-constructs (such as RNA/DNA cognate hybrids and RNA switches), functional modules with increased robustness and improved function are likely possible. By coupling these improved functional moieties with other aspects of nucleic acid nanotechnology, one can ultimately envision nuclease resistant, multi-faceted nucleic acid nanoparticles that employ multiple modes of diagnostic action and conditional functions. While there is still significant ground left to cover, the approaches for conditional gene knockdown presented recently in Nano Letters lay out the foundation for feasible, diagnosticlinked RNAi therapies in the future.
